The recent progress in the engineering of nanosized inorganic materials presenting tailored physical properties and reactive surface for post-functionalization has opened promising avenues for the use of nanoparticles (NPs) in diagnosis and therapeutic intervention. Surface decoration of metal oxide NPs with ligands modulating circulation time, cellular uptake, affinity and extravasation through active targeting led to efficient cancer specific bioimaging probes. The most relevant cancer biomarkers studied so far include surface and transmembrane cancer cell receptors. More recently, tumor microenvironments and more specifically the fibroblastic element of the tumor stroma have emerged as a valuable target for diagnosis and treatment of several types of cancers. In this study, a low molecular weight ligand targeting fibroblast activation protein a (FAP), which is specifically expressed by activated fibroblasts of the tumor stroma, was synthesized. This ligand demonstrated nanomolar inhibition of FAP with high selectivity with respect to prolyl oligopeptidase (PREP) and dipeptidyl peptidase (DPP) IV, as well as good biocompatibility toward a human lung tissue model. Bismuth ferrite (BFO) harmonic nanoparticles (HNPs) conjugated to this ligand showed target-specific association to FAP as demonstrated by reverse ELISA-type assay using Human Fibroblast Activation Protein alpha/FAP Alexa Fluor® 594-conjugated Antibody and multiphoton multispectral microscopy experiments. These functionalized HNPs may provide new nanocarriers to explore the role of FAP in tumorigenesis and to target the fibroblastic component of the tumor microenvironment. † Electronic supplementary information (ESI) available: Synthesis protocols for the preparation of compounds 4, 6, 8 and Biotin-PEG 3 -FAPi; analytical data ( 1 H and 13 C NMR spectra for new synthesized compounds); analytical UPLC traces for compounds 5 and Biotin-PEG 3 -FAPi; procedure for the coating of BFO NPs with heterobifunctional PEG derivatives; STEM and FT-IR characterization of BFO-PEG-FAPi; qualitative analysis by ESI-HRMS; multiphoton multispectral microscopy. See
Introduction
The ability to produce inorganic and organic nanoparticles (NPs) of tunable size and composition, combined with their high agent loading capacity and surface properties suitable for tailored chemical modications, have generated high expectations that nanomaterials could provide unprecedented diagnosis and therapeutic tools. 1 In particular, inorganic nanostructures appear as highly promising candidates for cancer diagnosis and therapy due to their intrinsic optical and physical properties, as well as their capacity to be transformed into multifunctional platforms for the co-delivery of multiple payloads. 2 In addition, the opportunity to activate modalities (e.g. photothermal and photodynamic effects) can enhance and complement the chemotherapeutic effects. 3 Major achievements in the eld were reported with silica-based nanocarriers, 4-7 magnetic NPs, 8, 9 gold nanocomposites [10] [11] [12] [13] [14] [15] and quantum dots. 16 While conventional chemotherapies are generally poorly selective toward specic tissues, cells and intracellular compartments, inorganic NPs benet from specic uptake by macrophages of the reticuloendothelial system or from the enhanced permeability and retention (EPR) effect. 17 Substantial advances in the design of NP-based delivery systems was achieved by the introduction of targeting ligands at the surface of the nanocarriers to promote specic interaction with cancer cell biomarkers such as prostate specic membrane antigen, folate receptor, vascular endothelial growth factor receptors, a v b 3 integrin and epithelial growth factor receptors. 18, 19 However, addressing malignant tumor cells only remains ineffective for several types of cancer. Evidence has accumulated that the microenvironment of a given tumor plays a crucial role in its progression, metastasis and response to chemotherapeutic intervention. In particular, the broblastic element of the tumor stroma, which is predominantly characterized by the abundance of activated broblasts oen designated as cancer-associated broblasts (CAFs), appears as a promising target for both cancer diagnosis and treatment, 20, 21 including the development of targeted nanotheranostic systems. 22, 23 The tumor-stroma symbiotic cross-talk was even proposed as a new cancer hallmark by Sverdlov in 2018. 24 A specic characteristic of CAFs is the expression of broblast activation protein a (FAP), a transmembrane protease which is not found in normal, healthy adult tissues, except in granulation tissue of healing wounds. [25] [26] [27] However, the mechanisms underlying the physiological and pathological functions of FAP are not fully elucidated. 28 The development of NP-based diagnostic and delivery systems targeting the proteolytic activity of FAP could contribute both to a better understanding of the role of FAP activity in modulating tumor behavior and to develop new anticancer treatments acting against the cancer-stroma symbiotic interactions. 29, 30 Recently, harmonic nanoparticles (HNPs), which are based on non-centrosymmetric metal oxide nanocrystals, have emerged as promising nanomaterials for bioimaging applications 31 due to several favorable properties, [32] [33] [34] including their efficient nonlinear response to excitation from the UV to mid-IR, 35 their long-term photostability under pulsed laser irradiation and their spectrally narrow emission signal. 36 Upon screening of different types of HNPs, bismuth ferrite (BiFeO 3 , BFO) HNPs demonstrated very high second harmonic efficiency 37,38 as well as excellent in vitro cell compatibility aer surface modication with poly(ethylene glycol) (PEG) derived coatings. 39 These properties were exploited in various bioimaging applications, including stem cell tracking in tissue depth 40 exploiting multi-harmonic detection 41 and in vitro lung cancer cells imaging. 42 Other applications of BFO HNPs include contrast enhancement in magnetic resonance imaging and computed tomography, 43 and synergistic photothermal-photodynamic combination for solid tumor ablation. 44 Herein, we present the design and production of BFO-based imaging HNPs targeting the broblastic elements of cancer tumor stroma by covalent conjugation at the surface of PEGcoated BFO NPs of a low molecular weight ligand containing a highly selective inhibitor of FAP. First, we synthesized a selective low nanomolar inhibitor of FAP containing cyanopyrrolidine and quinolinoyl subunits, as suggested by the SAR study reported by Jansen et al. 45 Further derivatization of this inhibitor with a 4-dibenzocyclooctyne (DIBO) moiety provided a targeting ligand for conjugation at the surface of coated BFO HNPs through copper-free azide-alkyne [3 + 2] cycloaddition (click reaction). Then, the resulting functionalized NPs were assessed for their association with human recombinant (hr) FAP, in the presence of a uorescently labelled anti-FAP antibody, by co-localization of the second harmonic signal of the HNPs with the uorescent signal from the antibody. This work enlarges the panel of multifunctional inorganic nanoparticles for cancer imaging by targeting the broblastic components of the tumor stroma rather than malignant tumor cell biomarkers.
Results and discussion

Preparation of FAP inhibitor and targeting ligand for conjugation to BFO HNPs
Among the family of human prolyl-specic proteases, FAP presents the unique property to display both endo-and exoproteolytic activities, while other closely related proteases are exclusively exopeptidases, such as amino-dipeptidyl peptidase (DPP) IV, or exclusively endopeptidases such as prolyl oligopeptidase (PREP). 25 FAP, which is specically associated to CAFs and stromal cells appears as a promising target for anti-cancer therapy. Due to its adhesive properties, DPP IV might also favor cancer progression. However, there is no evidence for the efficacy of inhibiting DPP IV in tumor growth reduction. 46, 47 The abnormal activity of PREP was linked to neurological disorders in mammals. This enzyme was thus identied as a potential target in neurodegenerative disorders such as amnesia, Alzheimer's disease and depression. 48, 49 In view of the similar hydrolytic mechanisms and kinetics characteristics of these three prolylpeptidases, the design of selective inhibitors is key to the development of therapeutic approaches based on their inhibition, to avoid undesired off-target activities. Importantly, N-acyl-Gly-Pro derived motifs were identied as key components to discriminate between FAP and the other prolyl peptidases DPP IV, VII, VIII, and IX. 50 However, until the demonstration by Jansen et al. that a (4-quinolinoyl)glycyl-2-cyanopyrrolidine motif could avoid cross-inhibition of both DPPs and PREP, 45 most of reported FAP inhibitors were not entirely specic. 51, 52 We investigated the functionalization of the quinoline ring's 6position of the (4-quinolinoyl)glycyl-2-cyanopyrrolidine core to introduce a suitable spacer between the subunit targeting FAP and the imaging BFO NPs. Based on previous work, 42 covalent conjugation to the surface of PEG-coated BFO NPs should be performed in (1 : 1) EtOH : H 2 O medium to ensure efficient copper-free azide-alkyne [3 + 2] cycloaddition. Therefore, a PEG 3 linker was selected to modulate the polarity of the targeting ligand and a terminal acrylamide was envisaged for cross-coupling to the 6-position of the quinoline ring (Scheme 1). Preparation of the 6-bromoquinoline core started from 5bromoisatin which was submitted to a Ptzinger reaction 53 in the presence of sodium pyruvate to produce the dicarboxylic intermediate 2 in 97% yield. Microwave assisted selective decarboxylation, 54 followed by amide formation delivered 6bromoquinoline-4-caboxamide (3) in high yield. Condensation with cyano-proline derivative 4 (synthesis described in ESI S-3 †) afforded intermediate 5 which constitutes the central unit of the ligand targeting FAP. Introduction of the polar spacer was achieved by Pd-catalyzed Heck reaction 55 in the presence of the acrylamide derivative 6 (synthesis described in ESI S-5 †). Activation of the terminal alcohol as 4-nitrophenyl carbonate allowed condensation with the DIBO derivative 8 (synthesis described in ESI S-8 †) under mild conditions to generate DIBO-PEG 3 -FAPi (68% yield, 2 steps), ready to be conjugated to PEG-coated BFO NPs. To evaluate the FAP targeting ability of this ligand, a similar pathway was applied on compound 9 to introduce a biotin label in place of the strained cyclooctyne moiety, affording Biotin-PEG 3 -FAPi (synthesis described in ESI S-11 †). Introduction of a biotin residue resulted in improved solubility of the targeting ligand and allowed evaluation of its inhibitory activity in absence of the sensitive cyclooctyne subunit.
Evaluation of the inhibitory activity on FAP, DPP IV and PREP
In order to assess the ability of the designed ligand to selectively target FAP, compounds 5 and Biotin-PEG 3 -FAPi were assessed for their inhibitory activity on human recombinant (hr) FAP, DPP IV and PREP (Table 1 ). Compound 5 showed potent inhibition of FAP and excellent selectivity with respect to PREP and DPP IV, which remained unaffected (selectivity index (SI) higher than 3300). Remarkably, addition of a PEG 3 spacer signicantly increased the potency against FAP as Biotin-PEG 3 -FAPi reached IC 50 and K i values of 9.2 and 3.8 nM, respectively. Importantly, a sharp selectivity with respect to PREP and DPP IV was observed (SI FAP/DPP IV and SI FAP/PREP higher than 10 000), which confers to Biotin-PEG 3 -FAPi a highly favorable affinity/ selectivity prole for the specic targeting of FAP.
In order to verify the compatibility of the targeting ligand in physiological environment, the effect of Biotin-PEG 3 -FAPi was evaluated on a model of human functional lung epithelium (MucilAir™-HF) based on the co-culture of bronchial cells and lung broblasts. 56 MucilAir™-HF was submitted to repeated doses of Biotin-PEG3-FAPi, at 10 or 100 mM concentration, over a Enzymes were incubated with increasing concentrations (5, 10, 20, 50 and 100 nM) of compounds 5 and Biotin-PEG 3 -FAPi, for 30 min at 37 C. Then, the residual enzymatic activity was measured aer exposure to 50 mM of the appropriate substrates (Z-Gly-Pro-AMC for hrFAP and hrPREP, H-Gly-Pro-AMC for hrDPP IV). The half maximal inhibitory concentrations (IC 50 ) were graphically determined and the inhibition constants (K i ) were calculated. 57 16 days. The cytotoxicity was measured by dosing Lactate Dehydrogenase (LDH) released in the culture supernatant at regular time points ( Fig. 1A ). At 10 mM concentration (3 basal applications per week), the targeting ligand did not affect cell viability in the tissue model. Cytotoxic effect started to be noticeable at higher doses (100 mM) from day 8. Similarly, the integrity and functionality of the epithelium, analyzed by transepithelial electrical resistance (TEER) and cilia beat frequency (CBF) measurements ( Fig. 1B and C) , were maintained upon repeated applications of Biotin-PEG3-FAPi, at 10 mM. Damages to the epithelium were only observed at high doses (100 mM) as TEER was affected and cilia beat was lost aer day 8. These data suggest the good compatibility of the designed ligand in a concentration range which is relevant for labelling and imaging applications.
Conjugation of BFO NPs with targeting ligand
As previously established, 39 BFO NPs were coated with a 1 : 1 mixture of linear PEG derivatives presenting end amino and azido groups (for detailed protocol, see ESI S-29 †). Resulting PEGylated NPs were ultrasonicated in the presence of DIBO-PEG 3 -FAPi (16 h, 40 C) allowing covalent conjugation of the targeting ligand through a 1,2,3-triazole moiety, under mild conditions ( Fig. 2A) . Separation from unreacted ligand was operated by cycles of emulsication in EtOAc followed by centrifugation, to afford BFO-PEG-FAPi NPs which were characterized for their size and surface charge. Their mean hydrodynamic diameter, measured by dynamic light scattering, was 50 AE 15 nm ( Fig. 2B ) and their zeta potential averaged À17.7 AE 1.6 mV. Aer coating and post-conjugation with the FAP targeting ligand, the average size of the functionalization layer was about 8 nm as measured on STEM images (ESI, Fig. S1 †) . The FT-IR spectrum of BFO-PEG-FAPi featured the apparition of bands at 1650 and 1375 cm À1 , corresponding to alkene C]C stretching and triazole C-N stretching (ESI, Fig. S2 †) . These data support the conjugation of DIBO-PEG 3 -FAPi to the surface of BFO-PEG NPs through a click reaction. According to the principles of nanoparticles design for biomedical applications presented by Blanco et al., 58 the size range and surface charge of BFO-PEG-FAPi NPs are expected to provide long-lasting systems in physiological environment.
Association of BFO-PEG-FAPi NPs with FAP
The association of BFO-PEG-FAPi NPs with hrFAP, in comparison with BFO-PEG NPs was evaluated aer incubation for 2 h at 37 C of the functionalized or coated NPs with hrFAP, in the presence of an excess of Human Fibroblast Activation Protein alpha/FAP Alexa Fluor® 594-conjugated Antibody. The samples were centrifuged to remove the NPs from the supernatant, which was further analyzed on a uorescence spectrophotometer (l ex /l em ¼ 590/645 nm) ( Fig. 3 ). The uorescence intensity of the solutions containing the anti-FAP antibody with hrFAP at the same concentrations than the ones used for the incubation experiments, was taken as reference. The incubation of BFO-PEG-FAPi NPs with hrFAP resulted in a signicant decrease of the uorescence intensity compared with the controls and to BFO-PEG NPs, indicating that the functionalized nanoparticles associated with FAP via a target-specic interaction. The association of BFO-PEG-FAPi NPs to FAP was further analyzed by multiphoton microscopy. Aer incubation of hrFAP with BFO-PEG NPs or BFO-PEG-FAPi NPs for 2 hours at 37 C, in the presence of the labeled anti-FAP antibody, the resulting conjugates were imaged by detection of the second harmonic (SH) signal from the NPs and of the uorescent emission from the antibody, upon laser pulsed excitation at 840 nm (ESI, Fig. S3 †) . The ratio of conjugates emitting in both SHG (420 nm) and uorescence (580-650 nm) channels to all structures emitting in the SHG channel was calculated in 4 different regions of each sample and averaged (Fig. 4 ). The number of conjugates generating both harmonic and uorescence signals was signicantly higher in the presence of BFO-PEG-FAPi NPs than in the presence of BFO-PEG NPs, thus conrming the target-specic association of functionalized BFO HNPs with FAP.
While many of the proteases involved in cancer development and progression are expressed by both healthy and malignant cells, FAP holds the unique property to be mostly present at remodeling stroma in tumors and healing wounds. 59 This remarkable feature makes FAP a highly promising target for both diagnosis and therapeutic intervention. While several inhibitors of FAP based on a pyrrolidine-2-boronic acid scaffold were evaluated as potential anti-cancer drugs, safety concerns were raised during clinical trials due to the cross inhibition of other related enzymes. [60] [61] [62] Having previously disclosed the efficiency of PEGylated BFO NPs for selective imaging and cell tracking in tissue samples, 40, 42 we focused on the design and synthesis of a targeting ligand which would exhibit selective and high affinity for FAP while holding a suitable spacer to be conjugated at the surface of BFO-PEG NPs. Functionalization of a (4-quinolinoyl)glycyl-2-cyanopyrrolidine core by crosscoupling on the 6-position of the quinoline ring allowed the introduction of a small PEG spacer to modulate the polarity of the ligand for further post-conjugation reaction in EtOH/H 2 O medium. Conjugation of this inhibitory scaffold to N-(2-hydroxypropyl)methacrylamide copolymer was previously used to vizualize and isolate FAP from cell lysates. 63 Interestingly, derivatization with a PEG spacer delivered Biotin-PEG 3 -FAPi which displayed effective binding to FAP (K i ¼ 3.8 AE 0.20 nM), high specic discrimination between FAP and its closely related proteases DPP IV and PREP (selectivity indexes above 10 000), and good biocompatibility with the human 3D tissue model MucilAir™-HF. 56 Combination of a N-acyl-Gly-Pro fragment with a (4-quinolinoyl)glycyl-2-cyanopyrrolidine moiety and a polar PEG spacer resulted in sharp specicity toward FAP. In agreement with our previous report, 42 the use of a DIBO moiety allowed spontaneous azide to alkyne [3 + 2]-cycloaddition at the surface of PEG-BFO NPs, under mild conditions, for covalent coupling of the targeting ligand at the surface of the imaging NPs. While coated NPs did not show any signicant interaction with FAP, functionalized BFO-PEG-FAPi NPs displayed efficient and stable association with FAP, assessed both by multiphoton microscopy and reverse ELISA-type assay using Human Fibroblast Activation Protein alpha/FAP Alexa Fluor® 594-conjugated Antibody. These results suggest the formation of a stable complex between BFO-PEG-FAPi NPs and FAP despite the potential reversibility of the covalent bond formation between the cyanopyrrolidine moiety and FAP active site serine residue. 51 The possibility to exploit the simultaneous acquisition of second-and third-harmonic signals of BFO NPs for selective imaging in complex tissue samples 41 combined with the stable association of BFO-PEG-FAPi NPs with FAP make these functionalized NPs promising nanodevices for cancer diagnosis applications.
Conclusions
Based on a (4-quinolinoyl)glycyl-2-cyanopyrrolidine core, we designed and synthesized a high affinity and selective targeting ligand for FAP, which was covalently conjugated at the surface of BFO-PEG NPs. The resulting BFO-PEG-FAPi nanoconjugates demonstrated stable association with FAP, thus providing promising labelling and imaging tools to study and target the broblastic element of the tumor stroma rather than malignant tumoral cells.
Experimental section
Materials and methods
Reagent-grade solvents (Fluka, Riedel-de-Haën) and chemicals (Aldrich, Acros, Fluka, Sigma, Maybridge, TCI Chemicals, Apollo and Fluorochem) were used without further purication. BFO NPs (BF0011214) were obtained from TIBIO (Comano, Switzerland). All reactions were performed in ame-dried glassware under an inert atmosphere of nitrogen. All products were dried under vacuum (10 À2 bar) before analytical characterization. Reactions were monitored by thin layer chromatography (TLC) on pre-coated aluminum plates SiO 2 accurate mass, 1 H and 13 C NMR spectra (with peak assignments), IR data. The purity of target compounds 5 and Biotin-PEG 3 -FAPi was tested on Waters Acquity UPLC® (gradient 98 : 2 to 2 : 98$H 2 O containing 0.5% formic acid : ACN containing 0.45% formic acid in 4 minutes, ow rate 0.8 mL min À1 ) with column Acquity UPLC® BEH C18 1.7 mm. The purity of all new compounds is higher than 95%. Measurements of the dynamic light scattering and zeta potential were obtained using a Malvern NanoZ instrument (Malvern Instruments, Malvern, UK). Centrifugations were performed on HERAEUS Biofuge 13 centrifugator. Scanning transmission electron microscopy (STEM) was performed at the Interdisciplinary Centre for Electron Microscopy (CIME, EPFL, Lausanne, Switzerland) on a FEI Titan Themis 60-300 microscope.
Synthesis protocols
Designation of the compounds refers to the chemical structures presented in Scheme 1. Preparation of 6-bromoquinoline-2,4-dicarboxylic acid (2) . To a suspension of 5-bromoisatin (1) (1 equiv., 22.2 mmol, 5 g) in aqueous 2.5 M NaOH (53 mL), was added sodium pyruvate (1.2 equiv., 26.6 mmol, 2.92 g) and the reaction mixture was reuxed for 4 h. The mixture was cooled to rt and the pH was corrected to 2 with a solution of 6 M HCl in water. The precipitate was ltered and washed with water (100 mL) to afford 2 as a brown powder (21.5 mmol, 6.35 g, 97%). 1 Preparation of 6-bromoquinoline-4-carboxamide (3). A suspension of compound 2 (1 equiv., 0.84 mmol, 250 mg) in water (15 mL) was placed in a Pyrex pressure resistant tube and treated by microwave irradiation for 10 min at 200 C. The mixture was slowly cooled down to rt and the precipitate was ltered and washed with water (15 mL) to afford intermediate 6bromoquinoline-4-carboxylic acid as a brown powder (0.71 mmol, 179 mg, 84%). To a solution of this intermediate (1 equiv., 0.99 mmol, 250 mg) in anhydrous CHCl 3 (5 mL) was added dropwise (COCl) 2 (1 equiv., 0.99 mmol, 90 mL) and DMF (cat., 2 drops) and the mixture was stirred for 1 h at rt. Aqueous ammonia 25% (2 equiv., 1.98 mmol, 0.14 mL) was added dropwise and the mixture was stirred for 2 h at rt. Water (1 mL) was added and the volatiles were evaporated under reduce pressure. The pH was corrected to 11 with an aqueous solution of 3 M NaOH. The precipitate was ltered and washed with water (10 mL) to afford 3 as a brown powder (0.87 mmol, 218 mg, 88%). 1 Preparation of (S)-6-bromo-N-(2-(2-cyanopyrrolidin-1-yl)-2oxoethyl)quinoline-4-carboxamide (5) . To a solution of compound 3 (1.05 equiv., 1.98 mmol, 500 mg) in DMF (10 mL), KOH (2.5 equiv., 4.95 mmol, 56 mg) was added portion wise and the mixture was stirred for 1 h at rt. A solution of 4 (1 equiv., 1.89, 410 mg) in DMF (2 mL) was added dropwise and the mixture was stirred for 1.5 h at rt. The solvent was evaporated under reduced pressure and the residue was dissolved in DCM (10 mL). A sat. aqueous solution of NH 4 Cl (20 mL) was added to reach pH 5. The aqueous layer was extracted with DCM (3 Â 10 mL). The combined organic layers were dried over MgSO 4 , ltered and concentrated in vacuo. The crude product was puried by FCC (DCM/MeOH 25 : 1) to afford 5 as a brown foam (1.76 mmol, 682 mg, 89%). Analytical UPLC: R t ¼ 1.58 min. 1 13 C-NMR spectra and signal assignments, UPLC trace (ESI S-21 †). Preparation of (S,E)-N-(2-(2-cyanopyrrolidin-1-yl)-2-oxoethyl)-6-(3-(((1-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)-3-oxoprop-1-en-1-yl)quinoline-4-carboxamide (7) . To a solution of compound 5 (1 equiv., 0.72 mmol, 280 mg) and compound 6 (2 equiv., 1.1 mmol, 355 mg) in degassed DCM (2.8 mL) in a Pyrex pressure resistant tube, were added Pd(OAc) 2 (10 mol%, 0.07 mmol, 16 mg), PPh 3 (40 mol%, 0.29 mmol, 76 mg) and NEt 3 (5.5 equiv., 4 mmol). The solution was stirred for 7 h at 110 C. The solvent was evaporated in vacuo and the crude product was puried by FCC (DCM/MeOH 25 : 1 then 10 : 1) to afford 7 as a white oil (0.29 mmol, 185 mg, 41%). 1 
Functionalization of BFO-PEG NPs
To a suspension of BFO-PEG NPs (4 mg) in EtOH (4 mL) was added distilled water (4 mL). A solution of DIBO-PEG 3 -FAPi (17.4 mmol, 17 mg) in DMF (200 mL) was added and the suspension was ultra-sonicated for 16 h at 40 C. The mixture was then divided into eppendorfs and centrifuged (10 min, 13 000 rpm). The supernatant was discarded and the NPs were resuspended in EtOAc (1 mL) and centrifuged (10 min, 13 000 rpm). The procedure was repeated 3 times. BFO-PEG-FAPi NPs were stored in EtOH at a concentration of 1 mg mL À1 . A sample (10 mL) was diluted with distilled water (1 mL) and ultrasonicated for 30 min, before being analyzed with a Malvern NanoZ instrument to determine mean hydrodynamic diameter by dynamic light scattering and zeta potential.
Inhibition of hrFAP, hrDPP IV and hrPREP
The human recombinant enzymes were purchased from commercial sources: hrDPP IV and hrPREP (Enzo Life Sciences, Lausen, Switzerland), hrFAP (R&D systems, Abingdon, UK). The enzymatic activities were measured in at bottom 96-well plates (Costar) containing in each well 0.01 mg of the enzymes and 50 mM of the appropriate substrates: Z-Gly-Pro-AMC for hrFAPa and hrPOP; H-Gly-Pro-AMC for hrDPP IV (both substrates from Bachem, Vionnaz, Switzerland) diluted in their respective assay buffers (50 mM Tris, 1 M NaCl, 1 mg mL À1 BSA, pH 7.5, for hrFAP; 50 mM Tris, 1 mg mL À1 BSA, pH 7.5, for hrPREP; 25 mM Tris and 1 mg mL À1 BSA, pH 8.0 for hrDPP IV). The enzyme solutions were incubated for 30 min at 37 C with increasing concentrations (5, 10, 20, 50 and 100 nM) of compounds 5 or Biotin-PEG 3 -FAPi. The residual enzymatic activity was determined by measuring uorescence increase for 60 min at 37 C in a uorescence multi-well plate reader (l ex /l em ¼ 360/460 nm, Synergy HT). Experiments were conducted in triplicate wells and repeated twice. The half maximal inhibitory concentrations (IC 50 ) were graphically determined and the inhibition constants (K i ) were calculated. 49 
Evaluation of cytocompatibility on MucilAir™-HF tissue samples
Airway cells were obtained from patients undergoing surgical polypectomy. All experimental procedures were explained in full, and all subjects provided informed consent. The study was conducted according to the declaration of Helsinki on biomedical research (Hong Kong amendment, 1989), and received approval from local ethics commission (Commission cantonale d'éthique de la recherche scientique de Genève [CCER]). Airway epithelia co-cultured with broblasts were isolated from a mixture of human airway cells from 14 different donors (MucilAir™-Pool-HF) and maintained at the air-liquid interface (ALI) in MucilAir™ culture medium (EP04MM), ready-to-use, chemically dened, serum-free (Epithelix Sàrl, Geneva, Switzerland), in 24well plates with 6.5 mm Transwell® inserts (cat #3470, Corning Incorporated, Tewksbury, USA). Biotin-PEG 3 -FAPi was rst solubilized in DMSO and diluted to reach targeted concentrations (i.e. 10 mM and 100 mM) in MucilAir™ culture medium (EP04MM) with a xed 1% DMSO for each dilution.
Trans-epithelial electrical resistance (TEER) measurement. Aer addition of 200 mL of MucilAir™ culture medium to the apical compartment of the tissue cultures, resistance was measured across cultures with an EVOMX Volt-Ohm-Meter (World Precision Instruments, Sarasota, US). Resistance values (U) were converted to TEER (U cm 2 ) by using the following formula: TEER (U cm 2 ) ¼ (resistance value (U) À 100(U)) Â 0.33 (cm 2 ), where 100 U is the resistance of the membrane and 0.33 cm 2 is the total surface of the epithelium.
Cytotoxicity measurement. For the lactate dehydrogenase assay, 100 mL from the basolateral medium was incubated with the reaction mixture of the Cytotoxicity Detection KitPLUS, following manufacturer's instructions (Sigma, Roche; ST Louis, USA). To determine the percentage of cytotoxicity, the following equation was used (A ¼ absorbance values): Cytotoxicity (%) ¼ (A (exp. value) À A (low control)/A (high control) À A (low control)) Â 100. The high control value corresponds to a 10% Triton X-100 treatment applied to the culture for 24 hours.
Cilia beat frequency measurement. Cilia beating frequency set-up system consists of three parts: a Sony XCD V60 camera connected to an Olympus BX51 microscope and PCI card. The cilia beating frequency is expressed as Hz. 256 Images were captured at high frequency rate (125 frames per second) at room temperature, cilia beating frequency was then calculated using CiliaX soware. It should be pointed out that CBF values may be subject to uctuations due to parameters such as temperature, mucus viscosity or liquid applied on the apical surface of MucilAir™-HF.
Evaluation of the association of BFO-PEG-FAPi NPs with FAP
The protocol refers to the data presented in Fig. 3 . Human Fibroblast Activation Protein alpha/FAP Alexa Fluor® 594conjugated Antibody was purchased from R&D systems (Abingdon, UK). Incubations were carried out in hrFAP buffer (50 mM Tris, 1 M NaCl, 1 mg mL À1 BSA, pH 7.5) in 1.5 mL Eppendorf® tubes at 37 C. The following combinations were evaluated in a nal volume of 200 mL: (1) anti-FAP antibody (1 : 50 dilution), hrFAP (100 ng) in buffer (control); (2) anti-FAP antibody (1 : 50 dilution), BFO-PEG-FAPi NPs (100 mg mL À1 ) in buffer (control); (3) anti-FAP antibody (1 : 50 dilution), hrFAP (100 ng), BFO-PEG NPs (100 mg mL À1 ) in buffer; (4) anti-FAP antibody (1 : 50 dilution), hrFAP (100 ng), BFO-PEG-FAPi NPs (100 mg mL À1 ) in buffer. The Eppendorf® tubes containing the mixtures were incubated under gentle shaking for 2 h. The mixtures were centrifuged (5 min, 10 000 rpm). The supernatants were collected and transferred to a at bottom 96-well plate. The intensity of the uorescent emission of the labelled anti-FAP antibody was measured on a uorescence multi-well plate reader (l ex /l em ¼ 590/645 nm, Synergy HT). Experiments were conducted in ve replicates. Results were analyzed using a student's t-test (all comparisons ***p < 0.001).
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